eanut (Arachis hypogaea L.) is a major oilseed crop that is cultivated in tropical and subtropical regions of the world. World production of peanut in 2015 was 37,535,000 Tg (million tons), with 52.9% being used for domestic consumption, 44% being crushed for oil, and the reminder lost in processing (FAO, 2016) . China is the largest producer of peanut with 16,500,000 Tg (43% world production), followed by India (11.9%), Nigeria (8%), the United States (7.5%), and Sudan (4.9%). Most of the US crop is used for domestic consumption (58.5%), whereas 13% is crushed for oil, mostly due to aflatoxin contamination, and the remaining 28% is exported (Fletcher and Shi, 2016) . Yields differ greatly among world production regions where the United States and Nicaragua average 4.44 and 4.38 Tg ha −1 , respectively, and China, Argentina, Brazil, Egypt, Taiwan, and Turkey average between 3 and 3.6 Tg ha −1 , whereas the combined average yield for other peanut-producing countries is only 1.28 Tg ha −1 (USDA, 2016) . The cost of peanut production varies from about US$0.10 per pound to produce peanuts in the United States and about $0.28 per pound in Mozambique, the country with the lowest yields (Valentine, 2016) . Climate and agronomic inputs account of some of the production and yield differences, but disease and pest epidemics are leading factors for suppressed yields, and unfortunately, high levels of resistance to many important diseases and pests are not available in the cultivated genepool.
Arachis hypogaea is an allotetraploid species (2n = 4x = 40) that evolved from a cross of two diploid progenitors (A. duranensis
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ABSTRACT
The cultivated peanut (Arachis hypogaea L.) is an allotetraploid species with a very large and complex genome. This species is susceptible to numerous foliar and soil-borne diseases for which only moderate levels of resistance have been identified in the germplasm collection, but several of the 81 wild species are extremely resistant to many destructive peanut diseases. Peanut species were grouped into nine sections, but only taxa in section Arachis will hybridize with A. hypogaea. Most of these species are diploid, but two aneuploids and two tetraploids also exist in the section. The first peanut cultivars released after interspecific hybridization were 'Spancross' and 'Tamnut 74' during the 1970s from a cross between A. hypogaea and its tetraploid progenitor. However, introgression of useful genes from diploids has been difficult due to sterility barriers resulting from genomic and ploidy differences. To utilize diploids in section Arachis, direct hybrids have been made between A. hypogaea and diploid species, the chromosome number doubled to the hexaploid level, and then tetraploids recovered with resistances to nematodes, leaf spots, rust, and numerous insect pests. 'Bailey', a widely grown Virginia-type peanut, was released from these materials, and other cultivars are gown in Asia and South America. Alternatively, hybrids between diploid A and B genome species have been made, the chromosome number doubled, and cultivars released with nematode resistance derived from Arachis species. Introgression from Arachis species to A. hypogaea appears to be in large blocks rather than as single genes, and new genotyping strategies should enhance utilization of wild peanut genetic resources.
Krapov. and W.C. Gregory and A. ipaënsis Krapov. and W.C. Gregory) in the southern Bolivia to northern Argentina region ~4000 yr ago. There is no evidence of natural introgression from wild species to A. hypogaea since it evolved . As compared with diploid species, the cultivated peanut has a low level of genetic polymorphism. The species have been divided into two subspecies, six botanical varieties, and several market types (Table 1) . Virginia peanuts are grown mostly in the Virginia-Carolina region, but also in Florida and Texas, and are used for in-shell and confectionary markets; runner types are grown in Georgia and through the southern United States to Texas and Oklahoma, have smaller seeds than Virginias, and are mostly used in processed food products such as peanut butter; Valencia peanuts are grown on a relatively small acreage in New Mexico and are used for the in-shell market; and Spanish types are grown in the Oklahoma-Texas region, are very small seeded, and are more sweet than other types. In the United States, there are a few small private peanut breeding programs, but most peanut breeding is conducted by the USDA-ARS or at land grant universities centered in major production areas. In addition to plant breeding efforts with cultivated peanut, Texas A&M University and North Carolina State University have breeding programs specifically to utilize wild peanut species. Both institutions maintain large wild species collections and the USDA Plant Introduction Station at Griffin, GA, maintains the national cultivated and wild species collection.
SpeCieS of ArAchis
Arachis species are indigenous to South America and are widely distributed from northeastern Brazil to southern Uruguay and from the Andean lowlands in the west to the eastern Atlantic coast, and the distribution is continuous across this region (Valls et al., 1985) . The genus likely originated in tropical wetland areas of the highlands in the southwestern Mato Grosso do Sul region of Brazil close to Gran Pantanal, where the most ancient species of the genus (A. guaranitica Chodat. and Hassl. and A. tuberosa Bong. Ex Benth.) are found (Gregory et al., 1980; . From this origin, members of the genus spread into drier lowland areas (Gregory and Gregory, 1979; Stalker and Simpson, 1995; . Species can now be found in varied habits ranging from deep friable sand to thick, gummy clay and on schist rocks with virtually no soil, suggesting that species have adapted to highly diverse and harsh environments . Fruiting below ground protects seeds from predators, and root adaptations (e.g., rhizomes, tuberous roots) facilitate species for adaptation into new habitats.
Eighty-one species have been described by Krapovickas and Gregory (1994) , Valls and Simpson (2005) , and Santana and Valls (2015) , and new taxa continue to be discovered. More than 3400 Arachis species accessions have been documented as seeds, plants, or herbaria specimens, and ~1300 accessions are available in germplasm collections as plants or seeds (Stalker et al., 2002c (Pandey et al., 2012) . Approximately 50% of wild species accessions have <50 seeds in storage, and many are propagated in greenhouses as vegetative cuttings.
Prior to the 1980s, there were only a few hundred wild species accessions available in germplasm collections, and a very large percentage of these were unnamed taxa. The situation significantly changed when a series of major collection expeditions were made to Bolivia, Brazil, Paraguay, and northern Argentina beginning in diseases and nematodes common to peanut, is drought tolerant, and has minimal fertilizer requirements. 'Ecoturf' and 'Arblick' were released as cultivars for landscapes by Prine et al. (2010) and are used as a groundcover along highways, landscape berms, road medians, and in plantations for soil preservation (Mathews et al., 2000; Hernandez-Garay et al., 2004) . The species is not cold tolerant and, in the United States, the production areas are limited to the southern coastal plains and the Florida peninsular area. Production is best in the early summer and declines as temperatures decrease in the fall. Establishment costs are high because rhizomes need to be planted, rather than seeds, but it makes excellent forage that has nutritional quality similar to alfalfa (Bronson, 2005) and is consumed primarily by horses, goats, and cattle (French et al., 2006) . Eleven cultivars have been released, but 'Arbrook' and 'Florigraze' are the two rhizomatous peanuts most commonly grown in the southern United States as a forage, and 'Brooksville 67' and 'Brooksville 68' are produced on more limited acreage. In South America, they are used for animal feed as forage, hay, or silage, and productivity ranges from 7000 to 16,000 kg ha −1 yr −1 (Valentim et al., 2001 ). Arachis pintoi is used more widely in Central and South America as a forage in tropical areas, where moisture is not a limiting factor. Eleven cultivars have been released for forage production in pasture situations; however, it is not well suited for cut hay production. Arachis pintoi is tolerant to heavy grazing, is tolerant to low fertility, is highly productive, has high-quality foliage, is a good groundcover, and competes well with grasses. The species produces seeds and can be established by seeds or stolens. Arachis repens is used more as an ornamental groundcover than as a forage. The species is widely grown in South America as a groundcover for landscapes and roadsides, but not in grazing situations.
SeCTion ClASSifiCATion
The genus Arachis is composed of mostly diploid species (2n = 2x = 20), but several aneuploid (2n = 2x = 18) and tetraploid (2n = 4x = 40) species also exist in different botanical sections (Table 2 ). Early cytological research identified one pair of significantly smaller chromosomes (termed "A" chromosomes) in species of section Arachis and a unique chromosome pair that had a large secondary constriction (termed "B" chromosomes) in the species A. batizocoi Krapov. & W. C. Gregory (Husted, 1936) . Hybrids between species with the small chromosome pair are partially to fully fertile, and most will produce F 2 seeds; however, hybrids between the species with the small chromosome pair and those with a B chromosome are sterile (Stalker and Simpson, 1995) . Thus, the terminology "A" and "B" genomes has been used in peanut to describe the two cytological groups, even though they behave cytologically more like subgenomes. Because the cultivated peanut has one pair of smaller chromosomes and one pair the late 1970s and continuing throughout the 1980s and 1990s. These were multinational cooperative efforts by the United States, Brazil and Argentina that were initiated by W.C. Gregory and A. Krapovickas and then by C.E. Simpson and J.F.M. Valls. In 1994, A. Krapovickas and W.C Gregory published a comprehensive monograph of Arachis where they identified 69 species and, largely due to their efforts, much of the confusion about peanut genetic resources was resolved (Krapovickas and Gregory, 1994) . Collection trips have continued to the present time but on a much more limited scale by scientists in Brazil, Argentina and the United States. Unfortunately, exchange of peanut germplasm has been greatly restricted since the implementation of the Convention on Biological Diversity in 1993 because laws restricting access to genetic resources have been widely implemented (Williams and Williams, 2001) . Because diversity of the cultivated peanut is greatest in South America and all wild species are found there, this resulted in significant negative effects on peanut germplasm preservation and utilization. Additionally, the Andean Pact was implemented in 1996, whereby five countries (Bolivia, Colombia, Ecuador, Peru, and Venezuela) established strict provisions to restrict germplasm access, and although Brazil is not an Andean Pact nation, the country implemented very strict constraints for collecting and exchanging germplasm for both the international and national Brazilian scientists (Williams and Williams, 2001 ). This pact has further restricted germplasm movement.
Wild peanut species have been used for food, aesthetic value as a groundcover, and animal forage. In pre-Colombian times, at least two wild species (A. villosulicarpa Hoehne and A. stenosperma Krapov. and W.C. Gregory) were cultivated by indigenous people in Brazil for food and medicinal use (Gregory et al., 1973; ), but only A. hypogaea is economically important today as a human food source.
In modern times, semitropical and tropical areas have a need for a summer legume to supplement grass as a forage crop, because the cool-season legumes such as clovers (Trifolium spp.) and alfalfa (Medicago sativa L.) are nonproductive. Three peanut species are known for their forage potential in tropical areas, namely A. glabrata Benth, A. pintoi Krapov. and W.C. Gregory, and to a lesser extent A. repens Handro (Valls and Pizarro, 1994) . Arachis as a forage has become increasingly important in tropical and semitropical areas of the United States, Australia, Africa, Brazil, Colombia, Costa Rica, Mexico, South Africa, and to some extent in other countries in Asia and Central America (Roothaert et al., 2003; Radovich et al., 2009) . Arachis glabrata is a tetraploid species (2n = 4x = 40) native to South America and is widespread in Brazil, in the states of Corrientes and Misiones in Argentina, and throughout Paraguay. Rouse et al. (2004) reported that A. glabrata is used as an ornamental groundcover in Florida and shows promise because it is resistant or immune to many and are sterile (Stalker et al., 1991b) . Thus, there is a considerable amount of cytological differentiation between the three genomes. Triploid interspecific hybrids between A. hypogaea and diploid species usually have 10 bivalents and 10 univalents, but trivalents were also observed, which indicates that some chromosome homology exists between the A and B genomes (Stalker, 1985) . There is of chromosomes with a large secondary constriction, it is considered as an allotetraploid with AABB genomes. Stalker et al. (1991b) crossed a series of A-genome species with A. batizocoi (B genome) and found that F 1 s had many univalents, and bivalents were loosely associated. Hybrids between either A-or B-genome species with A. glandulifera Stalker (D genome) also have many univalents >95% homology between the A. duranensis (A genome) and A. ipaënsis (B genome) species (Bertioli et al., 2016) .
The B genome was divided into B, F, and K genomes by Seijo et al. (2004) and Robledo and Seijo (2010) . On the basis of ribosomal DNA loci and chromosomes with centromeric heterochromatin, Robledo et al. (2009) (Fernandez and Krapovickas, 1994; Seijo et al., 2004 (Seijo et al., 2004; Robledo and Seijo, 2010) . The D genome species A. glandulifera is more distantly related to A. hypogaea than other species of section Arachis. Multiple translocations have been observed in A. duranensis and A. batizocoi (Stalker et al., 1991a Guo et al., 2012) , which indicates that species are continuing to evolve. In addition, five different secondary constriction types were observed in A. hypogaea, which were most likely from translocation events (Stalker and Dalmacio, 1986) .
Biosystematic research with species outside section Arachis has been infrequent. Gregory and Gregory (1979) conducted an extensive hybridization program using 91 Arachis collections and reported cross-compatibility relationships among species of the genus. Their results indicated that hybridization between species within the same section is more successful than crosses between sections; F 1 s of intersectional crosses were all highly sterile. Given cross-compatibility data, Smartt and Stalker (1982) and (Fig. 1) . To overcome crossing barriers in species of different sections, complex hybrids were attempted by Gregory and Gregory (1979) and Stalker (1981) , but fertility could not be restored in any of the plants. Thus, introgression from wild Arachis species to A. hypogaea by conventional hybridization is believed to be restricted to members of section Arachis. Even within section Arachis, there are many difficulties encountered to obtain hybrids due to genomic and/or ploidy differences.
DeSiRABle TRAiTS in ArAchis SpeCieS foR CRop impRovemenT
As compared with accessions in the A. hypogaea collection, extremely high levels of resistance have been identified in Arachis species for many important peanut pathogens and insects (Stalker and Moss, 1987; Dwivedi et al., 2007) (Tables 3 and 4 ). In addition, Upadhyaya et al. (2011) identified superior accessions of wild peanuts for both agronomic and nutritional quality traits, including days to flowering and high levels of percentage of oil, protein, and sugars. Important for crop improvement are the 29 diploid (2n = 2x = 20) species in section Arachis, because these materials will hybridize with the cultivated peanut. Fortunately, many disease and insect resistances have been identified within this group for the most severe problems of peanut production. Subrahmanyam et al. ( , 1985c A. duranensis Subrahmanyam et al. ( , 1985c A. batizocoi Subrahmanyam et al. ( , 1985c ) A. cardenasii Subrahmanyam et al. ( , 1985c ; Nigam et al. (1991); Subranmanyam et al. (1980) A. diogoi Subrahmanyam et al. (1980 Subrahmanyam et al. ( , 1985c ; Nigam et al. (1991) A. correntina Subrahmanyam et al. ( , 1985c A. duranensis Subrahmanyam et al. ( , 1985c A. stenosperma Subrahmanyam et al. ( , 1985c ; Nigam et al. (1991 ) A. valida Subrahmanyam et al. (1983 , 1985c ) A. villosa Subrahmanyam et al. ( , 1985c Amin and Mohammad (1980, 1982) ; Amin (1985) ; ICRISAT (1990) A. correntina Amin and Mohammad (1982) ; Amin (1985) ; ICRISAT (1990) A. duranensis Amin and Mohammad (1982) inTRogReSSing geneS fRom ArAchis SpeCieS To A. hypogAeA Improving cultivated peanut by using diploid species has been extremely difficult and time consuming due to the low percentage of pollinations that result in hybrids, sterility of progenies, and genomic incompatibilities. Introgression from Arachis species to A. hypogaea appears to be in large blocks (Garcia et al., 1995; Nagy et al., 2010) , rather than as single genes or small chromosome segments. Thus, linkage drag of undesirable traits can restrict the use of progenies until the linkages can be broken. Further, many of the traits of interest such as leaf spot resistance are multigenic, and unless a dominant gene with large effects is introgressed to A. hypogaea, resistance may not be fully expressed in the cultivated genome. The first peanut cultivars released from interspecific hybridization were from a cross between A. hypogaea and the second tetraploid species in section Arachis (A. monticola Krapov. & Rigoni). Biologically, A. monticola is considered a weedy species very closely related to A. hypogaea. 'Spancross' was released by Hammons (1970) , and 'Tamnut 74' was later released by Simpson and Smith (1975) . Neither of these cultivars had phenotypic traits that could be identified as being derived from the wild species, which is not surprising because A. monticola has most of the same disease and insect problems as found in A. hypogaea.
Diploid species in section Arachis have significantly greater potential for crop improvement than the weedy tetraploid species A. monticola. Considering the inability to restore fertility in intersectional hybrids, the greatest potential for crop improvement is with the diploid germplasm resources in section Arachis. Until the early 1980s, there were only a few species in germplasm collections, and many of these taxa were represented by only a single accession. Several methods were attempted for introgressing genes from these diploid species with varying degrees of success, which will be reviewed in the paragraphs below.
First, crosses can be made by directly hybridizing A. hypogaea with diploids to produce triploid (3x = 30) F 1 s, after which cuttings can be colchicine treated to restore fertility at the hexaploid (6x = 60) level. Triploids also may produce a few seeds through fusion of unreduced gametes, but the occurrence is rare (Singsit and Ozias-Akins, 1992) . Backcrossing the hexaploids with A. hypogaea results in pentaploids (5x = 50) that are usually vigorous, only partially fertile, and are difficult to use in crossing programs because of sporadic flowering. However, they sometimes produce a few seeds when selfed, and the ploidy level stabilizes in progenies at the tetraploid level. Many hundreds of pentaploids have been generated, but progenies apparently preferentially lost the wild species chromosomes during selfing generations and no tetraploid lines with traits of interest have been obtained (H.T. Stalker, unpublished data, 1995) . Backcrossing hexaploids with diploids will theoretically drop chromosome numbers to the tetraploid level in one generation, but many thousands of pollinations between hexaploids and diploids (including reciprocals) have not produced viable progenies (H.T. Stalker, unpublished data, 1995) .
An alternative method to backcrossing hexaploids with the cultivated species is to allow 6x plants to self-pollinate, and plants occasionally lose chromosomes spontaneously and stabilize at the 40-chromosome level. The loss of chromosomes appears to be infrequent and random, and many years of selfing may be required before tetraploids are obtained. However, an advantage of this procedure is the association of A. hypogaea and species chromosomes for many generations at a high ploidy level, which theoretically increases the frequency of recombination. For example, A. hypogaea ´ A. cardenasii Krapov. and W.C. Gregory (A-genome species) hexaploids were selfed for 12 generations, after which they produced 40-chromosome progenies that were highly variable for seed size, color, and other morphological traits (Company et al., 1982) . Other tetraploid interspecific populations (e.g., 'Gregory' ´ A. diogoi Hoehne) have also been obtained by selfing hexaploids (S. Tallury and H.T. Stalker, unpublished data, 2016) . Garcia et al. (1995) analyzed introgression from A. cardenasii to A. hypogaea with restricted fragment length polymorphisms (RFLPs) and found wild speciesspecific markers on 10 of 11 linkage groups on the diploid RFLP map developed by Halward et al. (1993) . Most of the introgression (88%) was apparently in the A genome of A. hypogaea, with the remaining 12% in the B genome.
The A. cardenasii introgression lines have served as a major source of multiple disease resistances for peanut, both in the United States and internationally. In the United States, 18 germplasm lines have been released from selections of these materials for early leaf spot (caused by Cercospora arachidicola S. Hori), nematodes, and several insect pests (Stalker et al., 2002a (Stalker et al., , 2002b Stalker and Lynch, 2002; Isleib et al., 2006; Tallury et al., 2014) . Among these lines were selections for early leaf spot resistance, which had superior disease ratings to the most resistant A. hypogaea germplasm. The early releases were hybridized with the most leaf spot-resistant cultivated accessions available to pyramid genes for disease resistance, and significantly improved lines for resistance were selected. Introgression line GP-NC WS 5 was subsequently crossed with 'AgraTech 108', from which two improved root-knot nematode (Meloidogyne arenaria)-resistant releases (NR 0812 and NR 0817) were made in Georgia (Anderson et al., 2006 A. hypogaea ´ A. cardenasii germplasm line NC GP WS 13 population. N96076 was subsequently used as the source of the multiple disease resistance for the cultivar Bailey , which is currently the most widely grown and productive Virginia type cultivar produced in the Virginia-Carolina production region.
A set of interspecific hybrid lines (coded CS lines) that were being selected for disease and pest resistances at North Carolina State University were forwarded during the mid1980s to the ICRISAT Cytogenetics Program and were subsequently deposited into their germplasm system and renumbered as ICGV lines. These ICGV lines have been distributed from ICRISAT to many international peanut breeders including scientists in India, Brazil (D. Bertioli, personal communication, 2015) , Australia (G. Wright, personal communication, 2017) , and other countries, where they have been used as sources of resistance to early leaf spot, rust, and other disease and pests. For example, 'GPBD 4' is very productive Spanish-type cultivar released in India by Gowda et al. (2002) Moss et al. (1997) from selection of CS 9 as conferring multiple disease resistance for rust and late leaf spot and moderate resistance to bacterial wilt [caused by Pseudomonas solanacearum (Smith) Smith], leaf miner, and tobacco caterpillar (Spodoptera litura F.).
From another series of interspecific hybrids produced at ICRISAT, the germplasm line ICGV-SM 86715 was released as 'Veronica' in 1992 in Malawi. It was a derived from an A. hypogaea ´ A. diogoi (GKP 10602) hybrid that underwent repeated bulk selections as a genotype with high levels of resistance to rust, late leaf spot, early leaf spot, and pepper spot [caused by Leptosphaerulina crassiasca (Sechet) C.R. Jackson & D.K. Bell] (Moss et al., 1998) . Additional germplasm lines have been released by ICRI-SAT scientists with rust and late leaf spot resistances (Singh et al., 2003) , and more recent cultivars have been released for the African semiarid tropics from interspecific hybrids (F. Waliyar, personal communication, 2009) .
A second method to introgress germplasm from diploid species to A. hypogaea is to first double the chromosome number of the diploid species to the tetraploid level. This method has the advantage of avoiding several generations of mostly sterile hybrids, the uncertainty of recovering tetraploid progenies, and is much faster than by going through the triploid-hexaploid procedure; however, autotetraploids generally have low vigor, and when annual species are used as parents, they are short lived (H.T. Stalker, unpublished data, 1995) . Further, autotetraploids of wild peanut species have either AAAA or BBBB genomes, so crosses with cultivated peanut (AABB genomes) are partially sterile. The method of crossing A. hypogaea with autotetraploids does not work well with peanut.
Crossing AABB synthetic polyploids derived from A-and B-genome diploid species with cultivated peanut is the preferred method to introgress wild species germplasm, although several generations of selection are still required to stabilize genomes and obtain highly fertile progenies. The method of choice for peanut is to first produce A-genome ´ B-genome species crosses and then double the chromosome number of the sterile AB genome F 1 hybrid. Seeds obtained from the colchine-treated cuttings will all be semifertile AABB genome amphidiploids that can then be used as a male parent in crosses with A. hypogaea.
Using the approach of making AABB genome synthetic polyploids, the species A. duranensis and A. ipaënsis were hybridized, the chromosome number was doubled, and the hybrid was crossed to the cultivar Fleur 11 to study genomewide segment introgression of peanut species into the cultivated genome (Foncéka et al., 2009 ). Marker-assisted selection was used in the BC 1 F 1 and BC 2 F 1 generations to select lines with donor segments and the highest percentage of the cultivated genome. Their work is leading to broadening of the genetic base of the cultivated peanut and has provided a proof of concept for introgressing genes in a systematic approach from diploid species into cultivated peanut.
An example of success with producing synthetic amphiploids are TxAg-6 and Tx Ag-7 (Simpson et al., 1993) , which originated from the complex hybrid {A. bati-
4x . TxAG-6 has very good nematode resistance, but also significant linkage drag, which resulted in low yields and poor pod and seed quality. The RFLP markers linked to the nematode gene conferring resistance were used to select favorable genotypes in crosses with improved cultivated germplasm (Church et al., 2000) . The nematode-resistant cultivars COAN ), NemaTAM (Simpson et al., 2003) , and Webb (Simpson et al., 2013) were released after introgressing genes from TxAg-6 to A. hypogaea. By using simple sequence repeat (SSR) markers, Nagy et al. (2010) showed that recombination was greatly reduced in the chromosome region where the nematode-resistance gene is located because a large introgressed segment from the wild species comprised a third to a half of a chromosome. This germplasm also was used in the development of the nematode-resistant cultivar Tifguard (Holbrook et al., 2008) , which also has good resistance to Tomato spotted wilt virus.
At ICRISAT, selections were made from CS 29, a (A. batizocoi ´ A. duranensis) ´ 'NC2' hybrid selection, and released in 1994 as ICGV 86699 (Reddy et al., 1996) . This selected line had multiple resistances, specifically for peanut rust, stem (caused by Sclerotium rolfsii Sacc.) and pod [caused by Fusarium equiseti (Corda) Sacc.] rots, early leaf spot, Peanut bud necrosis virus, and Peanut mottle virus and with moderate resistance to late leaf spot, jassids (Empoasca terminalis Dist.), and tobacco caterpillar. Singh et al. (2003) released several germplasm lines developed at ICRISAT with high levels of rust and late leaf spot resistances that were derived from the species A. duranensis ´ A. stenosperma and A. batizocoi ´A. duranensis.
Although interspecific hybrids have greatly improved peanut disease, nematode, and insect resistances in a few peanut cultivars, the large majority of cultivars in the United States and internationally are not derived from interspecific hybridization. This is in large part because of the difficulties associated with maintaining species germplasm in many breeding programs; the low frequency of pollination success to produce interspecific hybrids; difficulties with fertility, yield suppression, and poor seed characteristics in hybrids due to linkage drag; and because many tetraploid interspecific hybrids with A. hypogaea do not have the desired agronomic traits needed in the breeding program. Genetic modification by transformation technologies is not popular with the peanut industry, and even when genetically modified organisms have been produced with immunity to critical disease problems, the federal regulatory process has not been conducive to cultivar release. Thus, interspecific hybridization and selection over a long period of time appears to be the method of choice for peanut to improve disease resistances and possibly other agronomic traits. On a positive note, recent advances in sequencing and molecular marker technologies have the potential for greatly increasing the probability of selecting progenies with high levels of disease and/or insect resistances and other agronomic traits in peanut.
moleCulAR TeChnologieS
Diploid peanut species have been very important for developing molecular technologies in peanut because there is significantly more variation within and among species than in the tetraploid cultivated peanut. Thus, most of the molecular research in peanut has described species relationships, and a lesser amount has concerned identifying useful markers for crop improvement (for review, see Stalker and Mozingo, 2001) . Recent technological advances have led to sequencing the diploid progenitors (A. duranensis and A. ipaënsis) of cultivated peanut (Bertioli et al., 2016) , and the cultivated genomes should be sequenced within a short period of time. Although molecular maps may not directly aid in using wild species, they can aid marker-assisted selection by placing markers and associated genes into linkage groups. Thus, a short history of molecular map development in peanut will follow, and more detail can be found in the paper by Guo et al. (2016) .
In large part because there is very low genetic variation in the tetraploid cultivated peanut and due to the more complex genetics of polyploids versus diploids, wild species were initially used for the construction of linkage maps in Arachis. Restriction fragment length polymorphisms were used to construct the first map of peanut by utilizing an A. stenosperma ´ A. cardenasii cross (Halward et al., 1993) . Only 117 RFLP markers were mapped into 11 linkage groups. An A-genome map based on amplified fragment length polymorphisms (AFLPs) was generated from an A. kuhlmannii Krapov. and W.C. Gregory ´ A. diogoi F 2 population by Milla (2003) , and Garcia et al. (2005) published the first random amplified polymorphic DNA (RAPD)-based map by using an A. stenosperma ´ A. cardenasii population. As SSR markers became available, more saturated maps were developed, and the first SSR-based map was constructed for an F 2 population derived from a cross of two A-genome diploid species (A. duranensis and A. stenosperma) where 170 loci mapped into 11 linkage groups covering 1231 cM of total map distance (Moretzsohn et al., 2005) . Additional markers were subsequently included in the diploid A-genome map, resulting in 369 markers (188 SSRs, 80 anchor markers, and 35 resistance gene analogues, among others), mapped into 10 linkage groups that correspond to the 10 chromosomes of the haploid genome ). Nagy et al. (2012) published a more saturated map that has 1724 single-nucleotide polymorphism (SNP), SSR, and single-stranded DNA conformation polymorphism (SSCP) markers from a cross between two A. duranensis (A genome) accessions.
The B genome was mapped by using a F 2 population derived from the cross A. ipaënsis ´ A. magna with 149 codominant markers (mostly microsatellites) mapped into 10 linkage groups ). Fiftyone common markers were present between the A and B genomes, which indicated synteny between the two genomes. By crossing two accessions of A. batizocoi, a denser map was developed by Guo et al. (2012) . They also compared the high-density A-and B-genome maps and observed several inversions and translocations and a large amount of synteny between the A and B genomes.
The first tetraploid map was created by Burow et al. (2001) with RFLPs by using progenies of a cross between the cultivar Florunner and the synthetic amphidiploid 4x . A SSR genetic map was later created using a population of 88 BC 1 F 1 individuals of a cross of a synthetic amphidiploid (A. ipaënsis ´ A. duranensis) hybridized with A. hypogaea cultivar Fleur11 (Fávero et al., 2006) . This tetraploid SSR-based linkage map had 298 markers and 21 linkage groups, spanning 1843.7 cM (Foncéka et al., 2009) . A comparative analysis of this map with the A-genome map of Moretzsohn et al. (2005) suggested the occurrence of a chromosomal translocation event prior to the origin of the cultivated peanut (Foncéka et al., 2009 ). These maps are useful for breeding because they incorporate quantitative trait loci (QTLs) for agronomically important traits, such as disease resistance and drought-related traits. They also have been used to develop markers closely associated with a nematode resistance gene (Nagy et al., 2010) .
Molecular mapping may have its uses for gene location and genetic analyses. However, to aid introgression research, the breeder needs molecular markers to assure that genes of interest are actually being incorporated into the cultivated genome and to help eliminate adverse genes from progenies. This is especially important in peanut because of the few progenies obtained during sterile or semisterile generations of selfing, and recombination between genomes appears to be at a relatively low frequency (Holbrook and Stalker, 2003) . Attempts to use molecular markers to link with genes of interest have been evolving since the 1980s (Stalker et al., 2013) , and microsatellite or SSR markers have become the assay of choice for genetic studies in Arachis because they are multiallelic, codominant, transferable among related species, PCRbased markers, and usable in tetraploid genomes. Efforts by several research groups to develop microsatellite markers for peanut have resulted in >9000 SSRs (Guo et al., 2016) and has enabled the phylogenetic evaluation of the genus Arachis (Krishna et al., 2004; Barkley et al., 2007; Tang et al., 2007; Varshney et al., 2009b; Moretzsohn et al., 2013) and production of moderately dense genetic maps for cultivated peanut.
To date, the number of genes associated with molecular markers in peanut is relatively small, but the large number of molecular markers becoming available has great potential for utilization in crop improvement programs. Bertioli et al. (2003) described numerous linkages of resistance genes in peanut, and Pandey et al. (2012) listed several QTLs for important agronomic traits found in the cultivated peanut. Chu et al. (2011) outlined a breeding scheme to use marker-assisted selection to pyramid nematode resistance and the high oleic acid trait in peanut cultivars, and the system has greatly increased efficiency for developing breeding lines and cultivars.
Root-knot nematode resistance was the first agronomically useful trait that was linked to molecular markers in peanut. The resistance was derived from the species A. cardenasii, and Garcia et al. (1996) developed two sequence characterized amplified region (SCAR) markers for reduced galling and egg number. Burow et al. (1996) also published three RAPD markers that were associated with nematode resistance in the interspecific hybrid
4x . Later studies showed that the nematode resistance originated from the same species. The gene was further characterized by Nagy et al. (2010) . 'NemaTAM', a high-yielding, nematode-resistant cultivar (Simpson et al., 2003) , was developed through the use of marker-assisted selection. Because the highest level of resistance is believed to be from a single dominant gene, resistance may break down if there is sufficient selection pressure, and new sources of resistance to nematodes are being explored in other species such as A. stenosperma, which is also highly resistant to nematodes (Singsit et al., 1995; Leal-Bertioli et al., 2010) . Guimarães et al. (2010) identified eight genes in A. stenosperma roots that correspond with resistance to M. arenaria.
The leaf spots caused by Cercospora arachidicola (early leaf spot) and Cercosporidium personatum (late leaf spot) are two of the most devastating diseases of peanut. Resistance is multigenic and has several components, including percent defoliation, incubation period, latency period, lesion number and diameter, and sporulation (Aquino et al., 1995) , and only moderate levels of resistance exists in the cultivated genepool. However, several diploid species are highly resistant to one or both of the pathogens (Table  3) . To enhance selection for resistance, Stalker and Mozingo (2001) identified three RAPD markers associated with early leaf spot lesion diameter in a peanut population derived from a cross between an A. hypogaea ´ A. cardenasii introgression line with 'NC 7'. Leal- mapped 34 resistance gene analogues (RGAs) and five QTLs for late leaf spot resistance in an A. duranensis ´ A. stenosperma mapping population. One QTL explained almost half of the phenotypic variance observed. Khedikar et al. (2010) reported 11 QTLs for late leaf spot in a population derived from GPBD-4 (which was derived from A. cardenasii), but the QTLs only explained 2 to 7% of the variation across environments. Again, using GPBD-4 as a parent in a mapping population, Sujay et al. (2011) found a major QTL for late leaf spot, and this marker is being used in peanut breeding efforts in India. Quantitative trait loci for resistance to late leaf spot have also been identified in section Arachis species by Leal-Bertioli et al. (2009) .
Peanut rust is a major pathogen across most tropical production areas, including large regions in Africa, Asia, and South America. Only moderate levels of resistance have been identified in the cultivated germplasm, but several Arachis species are highly resistant (Table 3) . 'GPBD-4' has been used as a resistant parent in mapping populations, and Khedikar et al. (2010) associated an SSR marker with a major resistance gene (IPAHM103, QTLrust01) . Resistance is believed to have been from a major gene from A. cardenasii (Varshney et al., 2014) .
One of the most severe diseases across all US production areas is Tomato spotted wilt virus, which is transmitted by tobacco thrips (Frankliniella spp.). Although field resistance has been identified in the cultivated germplasm, only one species in section Arachis (A. diogoi) is believed to be immune (Lyerly et al., 2002) . Milla (2003) and Milla et al. (2004) used a segregating F 2 population of the A-genome diploid cross A. kuhlmannii ´ A. diogoi to evaluate Tomato spotted wilt virus resistance and discovered five linked AFLP markers associated with resistance. 'Gregory' ´ A. diogoi Introgression lines have since been developed, and preliminary evaluations indicate that resistance genes were transferred to the cultivated genome (S. Tallury and H.T. Stalker, unpublished data, 2016) . Other interspecific populations and wild species are also promising for introgression of resistance to the thrips (Enne-othrips flavens) ( Janini et al., 2010) .
By mapping of RFLP markers on BC 3 F 2 lines of the cross A. hypogaea ´ A. cardenasii, Burow et al. (2011) identified 29 markers for main stem length, number of lateral branches, pod size, and seed size. Foncéka et al. (2012) produced populations derived from crosses of cultivar Fleur 11 and an amphidiploid (A. ipaënsis ´ A. duranensis) 4x , and Fávero et al. (2006) identified QTLs associated with days to flowering, plant architecture, pod and seed morphology, and yield components. The wild species alleles contributed positive variation to several agronomic traits such as number of flowers, seed and pod number per plant, and length, size, and maturity of pods. Huang et al. (2012) found significant variation for oil content among Arachis species and associated three alleles for higher oil content than in cultivated peanut using SSR markers. By comparing QTLs obtained under well-watered and water-limited conditions, they discovered markers for drought tolerance and for pod and seed number; the alleles were attributed to the wild parents. Shirasawa et al. (2012) developed 535 markers derived from transposon-enriched genomic libraries that show potential for detecting polymorphisms in peanut. Also, SNP markers constitute the most abundant molecular markers in the genome and can be analyzed with high-throughput genotyping methods. A SNP-based map of diploid Arachis was developed by Nagy et al. (2012) , and a larger SNP chip that contains both cultivated and wild species sequences was recently created in the P. Ozias-Akins laboratory in Georgia (P. Ozias-Akins, personal communication, 2016) . Bertioli et al. (2016) published the first sequences of diploid species in Arachis. They used the progenitors of A. hypogaea so that A. duranensis or A. ipaënsis could serve as sequencing templates for the complex cultivated genome. Using the diploids should solve many of the problems associated with chimeric contig assemblies of the tetraploid genomes. Additionally, since there appears to be significant divergence in repetitive DNA between A. duranensis and A. ipaënsis, and the repetitive DNA in the tetraploid species has not significantly recombined since A. hypogaea evolved (Araujo et al., 2012) , the A-and B-genome sequences should solve many of the sorting problems in the tetraploid. Sequencing is now becoming more routine in peanut, and the advancing technologies will greatly aid in developing useful markers to analyze gene introgression from wild peanut into the cultivated species.
ConCluSionS
Introgressing wild species alleles from diploid species to the cultivated peanut has proven successful for developing improved cultivars with pest and disease resistances. However, utilization of alleles from wild species has had limited impact in many peanut-producing areas due to difficulties producing hybrids, sterility in hybrids, and the lack of molecular tools to follow traits of interest in introgression lines. Arachis cardenasii has been one of the most useful sources of genes from wild species to date, especially for nematode, leaf spot, and rust resistances, but crosses involving other species have also been used in breeding programs. As new interspecific hybrids are created with an array of diploid species and genotyping strategies become more user-friendly for the peanut breeder, wild peanut species will become more routinely used across production regions.
